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ABSTRACT 


As  a  consequence  of  corrosion  during  long-term  storage  in  uncontrolled 
environments,  where  high  humidity  may  be  combined  with  cyclic  temperature  changes, 
some  high-density  sintered  tungsten  penetrators  have  been  found  to  be  unreliable.  A 


storage  life  of  twenty  years  without  special  storage  conditions  is  a  requirement  for  this 
ammunition,  and  therefore  there  is  a  need  to  determine  the  long-term  storage  capability 
of  selected  alloys. 


^  The  corrosion  behaviour  of  four  candidate  alloys  has  been  evaluated  and 
compared  with  that  of  pure  tungsten.  Rates  of  corrosion  during  the  Cyclic  Humidity 
Test  and  the  Salt  Mist  Test  were  ascertained  from  weight  loss  measurements.  Insight 
into  the  corrosion  mechanism  was  gained  from  the  nature  of  the  corrosion  products  and 
an  examination  of  the  corroded  surfaces.  In  the  tests,  the  alloy  96%  W,  2.6%  Ni, 

1.6%  Fe  was  the  most  corrosion  resistant.^ The  data  showed  that  copper  as  an  alloying 
element  accelerates  corrosion  of  tungsten  alloys.  Both  attack  on  the  timgsten  particles 
and  the  binder  phase  were  observed  together  with  tungsten  grain  loss.  ■ 

Hie  propensity  of  the  above  alloy  to  corrode  when  encapsulated  and  also  when 
enclosed  by  its  ammunition  box  was  also  evaluated.  Conclusions  and  recommendations 
regarding  the  corrosion  of  tungsten  alloy  penetrators  for  use  in  ammunition  are  offered. 
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CORROSION  OF  mOH-DENSTTY  SINTERED  TUNGSTEN  ALLOYS 


PART  2;  ACCELERATED  CORROSION  TESTING 


1.  INTRODUCTION 


High-density  sintered  tungsten  alloys  (W  i  90  wt%)  for  kinetic  energy 
penetrators  must  be  capable  of  withstanding  long-term  storage  without  special  storage 
conditions  (uncontrolled  environment)  where  high  humidity  may  be  combined  with  cyclic 
temperature  changes.  It  is  essential  that  the  material  does  not  undergo  any  degradation 
in  mechanical  or  ballistic  properties  due  to  corrosion  during  storage.  Currently  there  is 
no  agreed  storage  life  under  ^e  above  conditions  for  these  alloys  [1,2,31. 

We  have  shown  previously  (41  that  the  alloy  96%  W,  3.5%  Ni,  1.6%  Fe  had  the 
greatest  corrosion  resistance  of  four  candidate  alloys  when  fully  immersed  in  water  and 
in  6%  sodium  chloride  solution.  Work  (1,2,3)  concerned  with  exposure  of  these  alloys  to 
air  saturated  with  water  vapour  has  indicated  that  they  are  prone  to  corrosion  under  such 
conditions,  and  that  the  course  of  the  reaction  is  profoundly  influenced  by  the  chemical 
composition  of  the  binder,  the  nature  of  the  corrosive  environment  and  the  presence  of 
crevices.  Hiese  results  have  indicated  that  the  binder  phase  and/or  the  primary 
tungsten  grain  phase  may  be  attacked,  often  severely,  and  that  tungsten  grain  loss  may 
occur. 


Although  the  corrosion  of  these  tungsten  alloys  liad  not  been  considered  a 
prcblsm,  because  of  the  a'oove  woik  it  is  now  necessary  to  reassess  the  situation.  An 
evalui.  'ion  of  the  long-term  storage  capability  of  these  alloys,  without  resorting  to 
qjecial  storage  conditions,  has  therefore  been  carried  out.  Bare  alloys  (i.e.  alloys  whose 
surfaces  are  freely  exposed  to  the  environment)  were  subjected  to  accelerated  corrosion 
through  the  Cyclic  Humidity  and  the  Salt  Mist  Tests  161.  However,  in  normal  storage 
these  alloys  may  be  encapsulated  (see  Experimental)  and  further,  in  this  state,  they  may 
also  be  stored  in  a  sealed  steel  ammunition  box.  Thus,  the  Cyclic  Humidiwy  Test  was 
also  carried  out  on  the  alloy  96%  W,  3.6%  Ni,  1.6%  Fe  in  these  two  practical  storage 
modes. 
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2.  EXPERIMiLNTAL 


2.1  Aooeleiatad  OoROiiao  TMtinV  ^  Bara  TkmgateB  AUc^ 

2.1.1  Ganeral  prooediira 

Four  candidate  tungaten-baaed  alloya  were  aelected  for  thia  atudy,  and  for 
comparative  purpoaea  pure  tungeten  waa  alao  atudied.  Detaila  of  theae  materials,  the 
method  of  preparation  of  the  samples  prior  to  testing  and  the  method  of  removing 
corrosion  products  from  the  samples  after  the  tests  have  been  described  previously  (41. 
Corrosion  behaviour  was  evaluated  through  weight  loss  measurements,  the  nature  of  the 
corrosiou  products  and  an  examination  of  the  corroded  surfaces  using  a  scanning  electron 
microscope  (SEM). 


2.1.2  Aooelaiated  oonosioa  tasta 

(a)  The  Cyclic  Humidity  Test  ([SI,  Test  Db) 

Hie  components  are  exposed  at  controlled  temperatures  (in  the  range  26  to 
40*0  and  at  high  relative  humidity  (in  the  range  93  to  96%)  for  56  cycles  (12  -t- 
12  hour  cycle)  with  condensation  on  the  specimens  occurring  during  tlie 
temperature-rise  period.  The  upper  and  lower  temperatures  were  maintained 
for  about  9  hours  each,  the  remaining  6  hours  of  the  cycle  being  occupied  by 
the  transition  periods  between  these  two  extremes  of  temperature. 

(b)  Hie  Salt  Mist  Test  ([5],  Test  Kb) 

Hie  components  are  exposed  to  a  salt  solution  mist  for  2  hours  at  a 
temperature  of  20  t  ^*C,  and  then  stored  at  a  temperature  of  35  ±  2*C  at  a 
relative  humidity  of  between  90  and  95%.  Hie  severity  used  was  four  spraying 
periods  with  a  storage  of  7  days  after  each  (severity  1). 

Both  accelerated  tests  were  conducted  in  a  computer-controlled  humidity 
cabinet  in  which  duplicate  specimens  were  suspended  by  nylon  threads  and  beakers  were 
placed  under  the  specimens  t"  collect  corrosion  debris. 


Two  types  of  corrosion  specimens  were  used,  namely  3  mm  thick  discs  (about 
26  mm  diameter)  for  the  alloys  US,  UK  (Fe)  and  UK  (Cu),  while  short  cylinders  (about  12 
mm  diameter)  were  used  for  AUS.  With  the  Cyclic  Humidity  Test,  comparisons  between 
samples  are  valid  only  when  each  receives  about  the  same  amount  of  condensation. 

Each  therefore  needs  about  the  same  heat  capacity,  and  for  this  reason  the  weights  of 
the  samples  were  kept  approximately  equal. 


2JI  Cyclic  Humidity  Tsstiag  <m  fMoapsulatad  HmgsteB  Penetratorc 
2l2.1  PoDetraton  not  snclnsert  in  on  ammimitian  box 

Hiis  test  involved  actual  AustraliaO"produced  Phalanx  rounds  where  the 
tungsten  penetrate .  is  completely  encapsulated  by  the  nylon  discording  sabot  and  the 
aluminium  pusher.  Prior  to  the  test  measurements  were  taken  of 

(a)  the  individual  weights  of  (i)  the  penetrator,  and  (ii)  the  nylon  discarding  sabot, 
and 
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(b)  the  diameter  of  the  aasembly  (i)  acroM  the  ubot,  and  (ii>  tcron  the  dtlving 
band. 


S.2,S  Peoetmtora  eocloeed  in  the  appropriate  ammunitioa  box 

Id  theae  Cyclic  Humidity  Teata  the  encapeulated  penetratora  were  encloaed  in 
a  ateel  ammunition  box  (the  11548)  in  which  a  aeal  between  the  lid  and  the  body  of  the 
box  waa  created  by  a  rubber  gaaket.  Ibe  whole  of  the  box  waa  placed  in  the  humidity 
cabuet. 


SJ>.8  Paaetratota  enchiaed  In  the  appropriate  ammunition  box  but  in  the  preeance 
ot  a  high  fanmidity  aavinamant 

The  above  Cyclic  Humidity  Teat  waa  repeated  but.  in  thia  experiment, 
between  the  3rd  and  6th  cyclea  of  the  58-Gycle  teat  the  lid  of  the  box  waa  removed. 
Thia  lid  waa  replaced  at  a  time  in  the  cyclic  sequence  when  condensation  was  at  its 
greatest. 


8.  RESULTS 


Sa  Accelerated  Oorroakm  Thstinc  of  Bare  TUQgsten  Alloys 
8.1.1  CGiroaioa  behaviour  during  the  Cyclic  Humidity  Teat  (Test  Db> 
8.1.1.1  Onrroeioa  rate 


Theae  corrosion  rates  are  listed  in  Table  1  which  shows  that  pure  tungsten 
was  the  most  corrosion  resistant  (no  corrosion  was  detected),  followed  by  alloys  not 
containing  copper  and  alloys  containing  copper  in  o^ler  of  docreaaing  merit.  This  test  is 
designed  sj^ifically  to  determine  the  long-term  storage  capability  of  metallic  stores 
under  conditions  of  high  humidity  when  combined  with  cyclic  temperature  changes  [61. 
This  type  of  corrosive  environment  is  typical  of  that  which  can  develop  in  paclcages 
during  long-term  storage  unless  special  precautions  are  :»ken.  Under  these 
circumstances  the  extent  of  corrosion  of  the  alloy  and  the  UK  (Cu>  alloy  would  be 
clearly  unacceptable.  In  fact,  tho  need  for  this  work  arose  because  of  the  poor  corrosion 
resistance  of  the  UK  (Cu)  alloy  during  long-term  storage  under  high  humidity  conditions 
[1,2].  This  result  has  confirmed  this  poor  performance. 


a.l.l.S  Nature  of  the  corroahxa  rannnss 

An  insight  into  the  nature  of  this  proceaa  is  revealed  through  a  study  of  the 
producu  formed  during  the  reaction  together  with  a  SEM  exa.^ination  of  the  corroded 
aurfares  after  the  corrosion  products  have  been  removed.  The  conditions  of  the  various 
tungsten  alloys  after  That  Db  are  ahowa  in  Figure  1  and  daacribed  in  Table  1.  All  the 
alloys  suffer^  corrosion  to  varying  ezteata.  The  extent  of  this  corroeion  can  be  seen 
for  the  uUoya  US  and  UK  (Cu),  where  a  viscous  dark  grey  or  dark  green  (reapectively) 
corraaion  product  dropped  from  the  suspended  specimens  and  solidified  to  a  glossy 
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cracked  solid  by  the  completion  of  the  test  -  in  the  photographs  (Fig.  1)  the  test 
specimens  have  been  placed  next  to  their  respective  corrosion  products  on  the  bottom  of 
the  beaker.  Note  that  the  two  alloys  tha .  .ripped  corrosion  products  both  contained 
copper. 


Hie  nature  of  the  corrosion  processes  occurring  during  the  Cyclic  Humidity 
‘Fast  are  indicated  by  the  chemical  compositions  of  the  corrosion  products  (Table  1).  For 
example, 

(a)  Hie  high  percentage  of  tungsten  in  the  conosion  products  together  with  binder 
metals  indicates  tnat  the  matrix  phase  and  the  primary  tungsten  grain  phase 
are  corroding. 

(b)  Hie  ratios  Ni  to  Fe  and  Ni  to  Cu  in  tha  parent  alloy  and  in  the  corrosion 
products  are  virtually  identical,  hence  tiiere  has  not  been  any  preferential 
attack  on  elements. 

(c)  By  comparing  the  compioaition  of  the  corrosion  products  with  that  of  the 
original  alloy  the  following  observations  may  be  made.  First,  with  alloys  AUS, 
US  and  UK  (Fe)  the  binder  has  been  more  severely  attacked  than  the  primary 
tungsten  grains.  Secondly,  with  the  UK  (Cu)  alloy,  the  primary  tungsten 
grains  are  being  attacked  at  much  the  same  rate  as  the  binder. 

Hie  above  deductions  are  confii  ..  d  by  the  SEM  micrographs  of  the  corroded 
surfaces  (Fig.  2),  where  the  interpretation  c  v.  iso  micrographs  is  summarized  in 
Table  1.  Hie  mode  of  attack  has  varied  be  ■"  the  alloys:  it  has  ranged  fram  little  (if 
any)  attack  on  the  tungsten  grains,  to  extens. .  attack  and  ultimately  to  tungsten  grain 
loss  and  grain  boundary  attack  of  the  tungstei  .  tides.  For  all  the  alloys  the  binder 
phase  appears  to  have  been  attacked.  Bra  :  e  state  of  the  corroded  surfaces  can  be 
grouped  by  their  appearance  into  the  categunei  those  alloys  containing  copper  (US  and 
UK  (Cu))  and  those  not  containing  copper  (AUS  and  UK  (Fe)),  where  the  overall  extent  of 
attack  for  the  former  group  is  more  extensive  than  that  for  the  latter. 


3.1.S  OMToaian  bebaviottr  during  the  Salt  Mist  Test  (Tost  Kb) 

8.1.S.1  Corroaian  rate 

This  test  is  designed  to  determine  the  suitability  of  components  for  use  or 
storage  in  a  salt-laden  atmosphere.  Corrosion  rates  are  listed  in  Table  2.  Comparison 
of  these  rates  with  those  in  Table  1  indicates  that  they  are  considerably  less  than  those 
arising  from  the  Cyclic  Humidity  Test  -  in  fact  they  approximate  those  arising  from  the 
immersion  in  salt-solution  tost  (41.  In  contrast,  however,  for  tungsten  itself  ^e  rate 
from  the  Salt  Mist  Test  is  considerably  greater  than  that  arising  from  the  two  tests 
mentioned  above.  Further,  in  the  Salt  Mist  Test,  pure  tungsten  is  more  prone  to  corrode 
than  the  alloys  AUS  and  UK  (Cu). 


8.1,XJ  Nature  of  the  oocroaioe  pcocesa 

Hie  conditions  of  the  variou)  tungsten  alloys  and  of  tungsten  itself  after  the 
Salt  Mist  Test  are  shown  in  Figure  3  and  described  in  Table  2.  All  the  alloys  have 
suffered  corrosion  to  varying  extents  during  the  test  but  corrosion  products  have  not 
dripped  from  the  samples. 
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From  th«  chemicai  compositions  of  the  corrosion  products  (Tsble  2)  the 
following  deductions  cen  be  made  concerning  the  nature  of  the  corrosion  process. 

(a)  Hie  distribution  of  elements  in  the  products  indicates  that  the  primary 
tungsten  particles  and  the  binder  phase  are  corroding. 

(b)  Hie  high  concentration  of  elements  from  the  binder  phase  in  the  products  (in 
particular  for  AITS  and  UK  (Fa))  indicates  '  lat  the  binder  phase  is  being 
attacked  more  severely  than  the  primary  wimgsten  greins. 

(c)  For  AUS  and  UK  (Fe>,  the  ratio  of  Ni  to  Fe  indicates  that  the  binder  phase  is 
not  being  uniformly  attacked  and  Fe  is  being  leached  from  the  binder.  This  is 
consistent  with  the  colour  cf  the  corrosion  products. 

vd)  For  US  and  UK  (Cu),  the  ratio  cf  Ni  to  Cu  indicates  that  these  elements  in  the 
buider  are  being  attacked  at  about  the  same  rate. 

Inspection  of  the  SElf  micrographs  of  the  corroded  samples  (Fig.  4)  reinforce 
the  above  conclusions  (see  Table  S).  in  general,  polishing  marks  are  still  evident  on  the 
surfaces  of  the  primary  tungsten  grains  indicating  that  the  extent  of  attack  on  this 
surface  has  not  been  extensive.  Hie  binder  phase,  however,  has  been  more  severely 
attacked. 


SJI  OycUe  Humidity  Taatiag  on  Bnoapaulatad  Hmgsten  Penetrators 

8.2.1  Penetrators  not  esicloaed  in  an  ammunition  box 

It  would  be  expected  that  the  encapsulation  would  afford  some  protection  to 
the  tungsten,  although  't  is  quite  well  known  t^t  water  vapour  will  diffuse  through 
nylon.  Furthar,  our  tests  hsve  shown  that  the  heat  teal  of  the  nylon  sabot  to  the 
aluminium  pusher  provides  only  e  physical  barrier  and  that  there  is  no  adhesion  between 
these  two  components.  Hie  tungsten  penetrator  is,  therefore,  not  hermetically  sealed 
from  the  external  environment. 

The  purpose  of  this  test,  therefore,  was  to  ascertain  whether  complete 
Phalanx  tungsten  (AUS  alloy)  rounds  would  withstand  long-term  storage.  The  results  of 
subjecting  these  rounds  to  the  above  test  were  as  follows; 

(a)  Hie  diameter  across  the  nylon  sabot  (Fig.  6(a))  was  unchanged  but  the  sabot 
increased  in  weight  by  66  mg  (i.e.  0.07%  increase).  After  three  weeks 
standing  in  the  laboratory  this  increase  dropped  to  36  mg  (0.04%),  and  after 
3,6,9  and  12  months  the  increase  had  dropped  to  18,6,3  and  1  mg  respectively. 

(b)  Hie  diameter  of  the  nylon  driving  band  increated  by  0.06  mm  (equivalent  to  a 
0.26%  increase  in  diameter),  and  remained  constant  during  the  12-month 
period  after  the  teat.  The  driving  band  is  located  about  half-way  up  the 
length  of  the  aluminium  pusher  (see  Fig.  6). 

(n)  Hie  tungsten  penstrator  itself  wes  corroded  (see  Fig.  6(b),  lower).  There  was 
a  wallet  gain  of  up  to  6  mg  but,  after  removing  the  corroeion  products,  a 
weight  lees  of  up  to  19  mg.  Thus  the  weight  of  the  corrosion  products  was 
about  27  mg.  Hiis  corresponds  to  a  corrosion  rate  of  0.2  mil/year  (i.e.  about  a 
fifth  of  that  of  the  bare  liiloy). 
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(d) 


!%•  cofTOtion  product!  (80%  W,  13%  Ni,  7%  Fo>  ar*  •imllar  to  those  obtained 
from  the  Cyclic  Humidity  Test  on  the  bare  Australian  alloy  (cf.  Table  1). 


Oonpaiiaoa  of  theea  Effects  with  Tblanaoaa  aUoirod  by  the  Stpecifloatlaa 

(a)  The  oenetrator  (sintered  tungsten  alloy  AUS) 

Mass  88.0  t  O.S  f 

Diameter  0.470  ±  O.tMl* 

Surface  finich  CLA  63  microinch  (in  metric  units:  N7> 

Comment:  Weight  increase  due  to  corrosion  (8  mg>  aitd  the  increase  in 
diameter  and  surface  roughness  so  produced  may  place  these  properties  outside 
those  of  the  specification. 


(b)  Driving  hand  (nylon) 

Diameter  Tolerance  is  ±  0.001” 

Comment:  Increase  in  diameter  of  0.06  mm  (0.002")  places  it  outside  that  of 
the  specification. 


(c)  Discarding  sabot  (nylon) 

Mass  9.8S  1  0.15  g  (approximately) 

Diameter  0.786  (-f  0.000”) 

(-  0.003") 

Comment:  The  increase  in  weight  (0.06s  g)  could  be  significant,  but  of 
greater  concern  is  the  very  strict  tolerance  on  the  maximum  diameter. 


<d)  Inspection  during  storage 

Hie  policy  of  the  Australian  Directorate  of  Naval  Ordnance  Inspection  and 
Desi^,  with  respect  to  corrosion  occurring  during  storage,  is  to  remove 
corroded  rounds  from  service  for  refurbishment. 


3.2.3  Paoetraton  enclneeil  in  the  appropriate  ammunitkm  box 

After  carrying  out  the  Cyclic  Humidity  Test  on  the  complete  Phalanx  rounds 
(AUS  alloy),  where  the  rounds  were  protected  from  the  damp  conditions  of  the  test  by 
being  enclo^  in  the  appropriate  steel  ammunition  box.  the  penetrator  was  still  in 
pristine  condition  (see  Fig.  5(b),  centre,  left).  The  above  arrangement,  therefore, 
appears  to  be  a  satisfactory  way  of  storing  these  penetrators  for  long  periods. 
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8^8  Pnctmtocs  MekiMd  !■  tha  atiprapriata  •amimltion  box,  but  la 
tte  prewra  of  •  hifh  banUty  onulraBiBoot 

Hio  uim  boro  wm  to  •imuloto  the  sorvice  condittoiu  where  a  sealed 
ammunition  box  is  opened  in  a  humid  environment,  then  closed  agahi  and  returned  to 
store  for  an  extendi^  period  so  that  the  ammunition  is  stored  in  that  humid 
environment.  Hiis  could  be  typical  of  the  history  of  ammunition  that  is  used  (but  not 
fired)  in  exercises  and  then  returned  to  store.  To  this  end  the  above  trial  was  repeated 
but  with  the  inclusion  of  a  4-day  period  early  in  the  58-day  teat  where  the  lid  of  the 
ammunition  box  was  open  inside  ^e  humidity  cabinet. 


After  the  above  test  the  tungsten  penetrator  was  found  to  be  corroded  (see 
Figs.  6(b)  and  (c),  centre).  Ibe  average  weight  lou  of  the  penetratora,  after  removing 
corrosion  products,  was  found  to  be  19  mg  and  this  corresponds  to  a  corrosion  rate  of  0.2 
mil/year.  Hiis  result  is  identical  with  that  obtained  for  encapsulated  penetrators  that 
are  not  enclosed  in  the  appropriate  ammunition  box  for  any  pert  of  the  66-cycle  test  (see 
Section  3.2.1). 


4.  DISCUSSION 


4.1  OomparinoB  of  Boeulta:  Aooelentad  Corroeian  Toting  Against 
ImmeraiOB  Tasting  on  Bara  Tungsten  Alloys 

Accelerated  storage  trials  are  the  main  source  of  information  on  the  factors 
that  determine  safe  service  life.  However,  it  is  difficult  to  relate  accelerated  trials  to 
the  real  environment  as  for  example  the  elevated  temperature  and/or  elevated  relative 
humidity  may  be  a  severe  over-test.  The  importance  of  taking  these  factors  into 
consideration  when  discussing  results  from  these  tests  is  apparent.  The  accelerated 
tests  which  are  referred  to  in  this  paper  have  been  selected  with  these  limitations  in 
mind. 


Because  extreme  conditions  were  not  used  in  the  accelerated  tests  conducted 
in  this  study,  it  would  seem  reasonable  to  anticipate  that  the  results  of  the  Cyclic 
Humidity  Test  and  those  for  immersion  in  distilled  water  (41  would  form  one  consistent 
family  of  results,  while  those  for  the  Salt  Mist  Test  and  immersion  in  sodium  chloride 
solution  (41  would  form  another.  In  broad  terms  this  is  the  case  (see  Table  3).  For 
example,  in  the  'distilled  water  family*  the  corrosion  products  sre  rich  in  tungsten 
(i.e.  tungsten  grain  phase  is  readily  attacked  together  with  the  binder  phase)  while  those 
of  the  'sodium  chloride  family*  are  rich  in  binder  elements  (i.e.  binder  phase  is  attacked 
more  raedily  than  the  tungsten  grain  phase).  Thus  the  mode  of  attack  on  the  surface 
within  each  family  of  tests  is  similar.  Ihe  above  latter  mode  of  atteck  is  the  more 
insidious,  for  in  this  case  penetration  in  the  grain  boundary  areas  will  exceed  the 
calculate  penetration  rates.  This  type  of  attack  can  result  in  loss  of  strength  and 
ductility. 

However,  inconsistencies  arise  within  each  family  when  the  results  are 
compared  in  fine  detail.  Consider,  for  example,  corrosion  rates  (Table  S): 


Distilled  water 

AUS<  W 

distilled  water 

Cyclic  Humidity  Test 

AUS>  W 

family 

Sodium  chloride  solution 

AUS>  W 

sodium  chloride 

Salt  Mist  Test 

AUS<  W 

family 

Similarly,  for  the  two  testa  within  each  family,  the  trend  in  the  corroaion  rates  does  not 
follow  the  aame  sequence.  For  example,  the  corrosion  rate  in  the  Cyclic  Humidity  Test 
is  about  five  times  that  for  immersion  in  distilled  water  for  all  the  alloys  except  UK  (Fe) 
where  the  two  rates  are  approximately  equal.  Both  sets  of  tests  did  show,  however,  that 
pure  tungsten  is  moderately  corrosion  resistant  and  that  those  alloys  containing  copper 
have  the  highest  corroaion  rates. 


4Jl  Oorrosioo  Madiaaism 


Htte  corrosion  processes  are  complex  and  from  the  present  worit  are  not 
completely  understood:  however,  some  comments  can  be  made.  (In  the  following 
discussion  (W-Cu)  designates  tungsten  alloys  free  of  copper  while  (W  Cu)  means  alloys 
containing  copper.) 


For  the  distilled  water/Cyclic  Humidity  Tests  it  appears  that  the  corrosion  is 
essentially  a  bimetallic  or  galvanic  reaction,  with  the  tungsten  grains  and  the  binder 
phase  acting  as  electrodes.  Inspection  of  the  corrosion  products  indicates  that  for 
(W-Cu)  alloys  the  binder  phase  is  anodic  with  respect  to  the  tungsten  grains  (i.e.  the 
corrosion  products  contain  a  hi|h  percentage  of  elements  from  the  binder  phase)  whereas 
for  (W  Cu)  alloys  the  polarity  is  reversed  and  it  is  the  tungsten  grains  which  are 
preferentially  attacked.  Also  in  these  tests  the  At^  alloy  had  the  lowest  corrosion  rate, 
even  lower  than  the  copper-free  UK  alloy,  and  this  may  be  attributed  to  reduced  galvanic 
effects  associated  with  less  binder  (duse  being  present  in  the  AUS  alloy. 

Hie  effects  of  chloride  ions  are  not  well  understood.  Using  the  galvanic 
model  it  is  apparent  that  when  chloride  ions  are  present  the  binder  is  anodic  with  respect 
to  the  tungsten  grains  for  both  the  (W-Cu)  and  (W  Cu)  alloys,  being  more  anodic  for  the 
(W-Cu)  alloys.  However,  for  the  (W  -t-  Cu)  alloys  the  corrosion  rate  is  greater  (Table  2) 
indicating  that  other  corrosion  mechanisms  are  also  occurring. 

In  distilled  water  tungsten  readily  corrodes,  while  in  the  Cyclic  Humidity  Test 
it  was  immune  to  corrosion.  This  is  attributed  to  differences  in  oxygen  availability  to 
the  surfaces.  In  the  Cyclic  Humidity  Test  oxygen  can  readily  diffuse  to  the  surface  but 
this  diffusion  would  be  hindered  in  solution.  It  is  suggested  that  the  role  of  oxygen  is  to 
form  and  maintain  a  continuous  corrosion-resistant  oxide  layer  on  the  surface  of  the 
tungsten. 


In  the  previous  report  (41  crevice  attack  was  found  to  occur  on  (W-Cu)  alloys 
although  the  mechanism  of  t^  attack  was  not  understood.  By  extending  the  corrosion- 
resistant  oxide  film  model  to  (W-Cu)  alloys,  a  crevice  effect  could  be  predicted  for  these 
alloys  (cf.  susceptibility  to  c.'wvlce  corrosion  attack  of  stainless  steels).  With  (W  +  Cu) 
alloys  it  is  considered  that,  because  of  their  high  corrosion  rates,  a  protective  oxide  film 
is  not  so  readily  formed  ai^  hence  they  are  not  susceptible  to  crevice  corrosion. 
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4JI  OocrotkiBTwtiarof  A>ci4)<mlatadPsBeu«tora 

Cyclic  Humidity  Teats  conducted  on  the  encapsulated  penetrators  indicated 
that  the  encapsulation  by  itself  was  not  enou^  to  protect  the  enclosed  tungsten  alloy 
AUS  from  corrosion  in  the  warm  damp  environment  of  the  test.  The  combination  of 
encapsulation  and  a  well-sealed  steel  ammunition  box  was,  however,  adequate  under  the 
conditions  of  this  test.  On  the  other  hand,  if  the  encapsulated  round  is  exposed  to  the 
test  environment  for  a  short  period  and  then  stored  in  the  above  well-sealed  container 
incorporating  that  environment,  corrosion  of  the  underlying  tungsten  alloy  will  again 
occur.  Further,  the  rate  under  these  circumstances  is  identical  with  that  obtained  for 
encapsulated  roimds  that  are  not  boxed. 


4.4  Significance  at  the  Woi^  to  Anstralian  Oei'enoe 


Ihe  selection  of  the  Cyclic  Humidity  Test  as  the  principal  accelerated  test 
was  because  ammunition  can  spend  the  major  part  of  its  life  confined  in  a  package  which 
may  be  stored  in  a  range  of  locations  and  subjected  to  temperature  fluctuations. 

Further  it  is  understood  from  the  Naval  R  and  D  Requirements  Committee  that  they 
prefer  not  to  use  special  packaging  procedures  for  this  ammunition. 


Cognizance  was  also  taken  of  the  fact  that  in  service  conditions  the 
ammunition  may  be  exposed  to  natural  climatic  conditions  and  then  stored  for  an 
exten''.ed  period.  It  is,  therefore,  not  unrealistic  to  assume  (i)  that  at  some  stage  during 
its  life-span  the  ammunition  will  be  exposed  to  air  saturated  with  water  vapour  and  that 
water  will  condense  on  its  surfaces  or  (ii)  that  it  will  be  subjected  to  direct  rain  fall. 


Consider,  for  example,  ammunition  in  the  Phalanx  gun  where  Figure  6  shows 
that  this  ammunition  is  exposed  to  the  environment.  After  training  exercises  such 
contaminated  ammunition  could  be  returned  to  its  ammunition  box  and,  as  a 
consequence,  moisture  could  be  introduced  into  the  sealed  box.  This  ammunition  could 
then  be  subjected  to  long-term  storage  in  this  environment. 

A  common  requirement  for  Australian  Defence  materiel  is  that  it  must  be 
able  to  undergo  storage  for  at  least  twenty  years.  However  the  work  above  indicates 
that  unless  special  precautions  are  taken,  such  as  hermetically  sealing  the  ammunition  in 
a  steel  container,  some  corrosion  will  take  place  during  long-term  storage packages. 
This  is  particularly  true  for  ammunition  that  is  used  in  a  trial  and  then  re-packaged.  It 
is  yet  to  be  determined  whether  this  corrosion  will  be  unacceptable,  for  it  is  difficult  to 
translate  the  laboratory  accelerated  corrosion  tests  into  a  realistic  assessment  of  the 
amount  of  corrosion  likely  to  occur  during  the  long-term  storage.  Hie  normal  procedure 
is  to  rely  on  experience. 

A  second  and  no  less  difficult  task  is  in  predicting  the  effects  of  realistic 
corrosion,  with  associated  defects  and  corrosion  pr^ucts,  on  ballistic  performance.  For 
example,  how  much  corrosion  will  be  enou|d>  to  (i)  interfere  with  the  reliable  stripping  of 
the  sabot  after  the  round  has  left  the  muzzle,  (ii)  alter  the  aerodynamic  flow  over  the 
surface  with  the  possibility  of  causing  the  projectile  to  yaw  or  tumble,  (iii)  cause  a 
reduction  in  ballistic  accuracy  due  to  a  shift  in  the  centre  of  gravity  of  the  penetrator, 
(iv)  cause  the  sabot  to  swell  and  cause  the  round  to  jam  in  the  gun,  (v)  embrittle  the 
penetrator  so  that  it  would  break-up  due  to  stress  corrosion  cracking  either  upon  firing  or 
on  hitting  the  tai^et? 
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At  the  Auttrallen  Navy  plant  to  use  the  tungsten  alloy  AUS  for  the  Phalanx 
t]«tem  well  into  the  future,  the  outcome  of  this  investigation  is  of  some  significance. 
Hie  eztentive  tests  to  far  have  indicated  that  compared  with  the  other  alloys  tested,  the 
Australian  alloy  has  the  best  resistance  to  corrosion. 


Hiis  WOK  emphasises  the  need  to  study  the  resistance  to  corrosion  of 
equipment,  and  it  is  generally  accepted  that  this  resistance  must  be  introduced  at  the 
design  sta^  of  the  e^pnent.  It  must  not  be  left  as  an  afterthought  to  be  tackled  when 
the  equipment  is  in  service.  However,  a  vital  consideration  is  whether  any  correlation 
exists  between  the  results  of  accelerated  corrosion  tests  and  the  actual  life  of  equipment 
L-  the  real  operational  environment.  £a  practice,  such  correlation  as  there  might  hie  is 
largely  based  on  experience  and  professional  Judgement. 


There  is  no  doubt  that  properly  selected  accelerated  corrosion  testing  can 
provide  valuable  assurance  that  the  equipment  will  remain  both  safe  and  suitable  for 
service  during  its  defined  service  life.  It  is  a  cost-effective  method  of  ensuring  that 
equipment  will  be  in  service  for  its  design  life.  Its  success  depends  on  using  the 
appropriate  experimental  conditions  (temperature,  humidity,  salt,  and  so  on),  the 
translation  of  these  conditions  into  an  appropriate  test  programme  and  finally  the 
analysis  of  the  test  results. 


5.  CONCLUSIONS 

From  the  principal  findings  of  this  investigation,  these  conclusions  are 

derived: 

(a)  Some  corrosion  of  tungsten  penetrators  will  occur  during  long-term  storage  in 
an  uncontrolled  environment. 

(b)  When  corrosion  does  occur,  attack  on  the  binder  phase  could  result  in  loss  of 
strength  and  ductility  of  the  rounds. 

(c)  Hie  effect  of  incorporating  copper  into  the  alloy  results  in  a  decrease  of 
corrosion  resistance  in  cyclic  humidity  and  in  salt-mist  environments.  A 
similar  trend  persists  on  immersion  in  distilled  water  and  salt-solution 
environments. 

(d)  From  the  information  developed  in  this  investigation,  primarily  that  derived 
from  cyclic  temperature-humidity  tests,  it  is  estimate  that  freedom  from 
damaging  corrosion  for  ammunition  penetrators  made  from  the  tungsten  alloy 
AUS  will  be  for  a  period  of  at  least  twenty  years  if  they  are  effectively 
encased  for  absolute  minimal  ingress  of  moisture.  This  conclusion  is 
particularly  pertinent  to  the  storage  of  tungsten  penetrators  where  made-up 
rounds  may  be  stored  in  well-sealed  containers  with  a  strictly  limited  moisture 
access. 

<e)  As  lack  of  condensation  cannot  be  guaranteed  under  normal  use  and  storage 
conditions  where  special  precautions  are  not  taken  in  the  packaging 
procedures,  some  form  of  protection  will  need  to  be  applied  to  the  rounds  if 
they  are  to  withstand  normal  long-term  storage  and  still  be  in  pristine 
condition  at  the  end  of  the  storage  period. 
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been  attacked.  Further,  aoaM  tangaten 
particle  loss  has  occurred.  Thus  both 
the  priaiary  tungsten  particles  and  the 
binder  phase  have  been  attacked. 


TABLE 


1.0  mil/yr  or  0.134  mg 


RESULTS  OF  THE  SALT  MIST  TEST 


stains 


FIGURE  1  (next  page) 

State  of  tungsten  alloys  and  tungsten  itself  after  exposure  to  the 
warm,  damp  conditions  created  by  the  Cyclic  Humidity  Test  (S6 
cycles). 
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TUNGSTEN  ALLOY  CORROS.'Va  -  TR 


/ 


I'iGiTRE  2  SEM  micro^phs  of  the  surfaces  of  tuni^ten  alloys  after  exposure  to  the 
warm,  dump  conditions  created  by  the  Cyclic  Humidity  Test  (56  cycles) 
and  after  removal  of  the  corrosion  products. 

Alloys  (a)  AUS  (b)  US 

(c)  UK(Fe)  (d)  UK(Cu) 
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FIGURE  2  SBM  micrographs  of  the  surfaces  of  tungjtcn  alloys  after  exposure  to  the 
warm,  damp  conditions  created  by  the  Cyclic  Humidity  Test  (66  cycles) 
and  after  removal  of  the  corrosion  products. 

Alloys  (a)  AUS  (b)  US 

(c)  UK(Fe)  (d)  UK(Cu) 
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FIGURE  3  (next  page) 

State  of  tungsten  alloys  and  tungsten  itself  after  exposure  to  the 
Salt  Mist  Test  for  28  days. 
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TUNGSTEN  ALLOY  CORROSi; 


FIGURE  4  SEM  micrographs  of  the  surfaces  of  tungsten  alloys  after  exposure  to  the 
Salt  Mist  Test  for  28  days  and  after  removal  of  corrosion  products. 

Alloys  (a)  AUS  (b)  US 

<c)  UK(Fo)  (d)  UK<Cu) 
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FIGURE  4 


SEM  micrographs  of  th'  surfaces  of  tungsten  alloys  after  exposure  to  the 
Salt  Mist  Test  for  28  days  and  after  removal  of  corrosion  pr^ucts. 

Alloys  (a)  AUS  (b)  US 

(c)  UK(Fe)  (d)  UK(Cu) 
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TUNGSTEN  ALLOY  CORROSIVITY  TRIAL 
HUMIDITY  TRIAL  ON  ENCAPSULATED  PENETRATORS: 

BS  2011  TEST  Db  (DAMP  HEAT  CYCLIC)  FOR  56  DAYS 


Rounds  in  ammunition  box 


Rounds  not  in  ammunic'ion  box 


KEY 

(a)  ENCAPSULATED  REFERENCE 
ROUND  (NOT  EXPOSED) 

(b)  PENETRATOR  AFTER  TEST 
(ENCAPSULATION  REMOVED) 

(c)  PENETRATOR  AFTER  CORROSION 
PRODUCTS  REMOVED 


FIGURE  5  Cyclic  hiualdlty  testing  of 
encapsulated  penetrators. 


H10  H 
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As  a  consequence  of  corrosion  duringr  long-term  storage  in  uncontrolled 
environments,  where  high  humidity  may  be  combined  with  cyclic  temperature  changes, 
some  high-density  sintered  tungsten  penetrators  have  been  found  to  be  unreliable.  A 
storage  life  of  twenty  years  wiUiout  special  storage  conditions  is  a  requirement  for  this 
ammunition,  and  therefore  there  is  a  need  to  determine  the  long-term  storage  capability  of 
selected  alloys. 


llie  corrosion  behaviour  of  four  candidate  alloys  has  been  evaluated  and 
compared  with  that  of  pure  tungsten.  Rates  of  corrosion  during  the  Cyclic  Humidity  Test 
and  the  Salt  Mist  Test  were  ascertained  from  weight  loss  measurements.  Insight  into  the 
corrosion  mechanism  was  gained  from  the  nature  of  the  corrosion  products  and  an 
examination  of  the  cornxM  surfaces.  In  the  tests,  the  alloy  96%  W,  2.5%  Ni, 

1.6%  Fe  was  the  most  corrosion  resistant.  Ihe  data  showed  that  copper  as  an  allo3dng 
eleaMnt  accelerates  corrosion  of  tungsten  alloys.  Both  attack  on  the  tungsten  particles 
sad  the  binder  phase  were  observed  together  with  tungsten  grain  loss. 


Tlie  propensity  of  tite  above  alloy  to  corrode  when  encapsulated  and  also  when 
SBCloeed  by  its  ammunition  box  was  also  evaluated.  Conclusions  and  recommendations 
regarding  the  corrosion  of  tungsten  alloy  penetrators  for  use  in  ammunition  are  offered. 
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